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Abstract 



We calculate the branching ratios of Bg ci — > 77 decay in the sequential fourth 
generation model. We find that the theoretical values of the branching ratios, 
BR(S5 — > 77), including the contributions of t' , are much different from the 
minimal standard model (SM) predictions. The new physics contribution 
can provide one to two orders enhancement to the standard model prediction 
of BR(i?s — > 77). But due to the tiny values of 4th generation CKM matrix 
element V^^Vt'b, the new physics effect on BR(i?rf — > 77) is very small and can 
not be distinct from the SM prediction. It is shown that the decay Bg — > 77 
can give the test of new physics signals from the 4th generation model. 
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I. INTRODUCTION 



The minimal Standard Model (SM) is a very successful theory of the elementary particles 
known today. But it should not be the final theory, because it has too many unknown 
parameters to be put by hand. Most of these parameters are in the fermion part of the 
theory. We don't know the origin of the quarks and Icptons, as well as how to determinate 
their mass and number theoretically. We have to get their information all from experiments. 
There is still not a successful theory which can unify all the four basic interactions. Perhaps 
our elementary particles have substructure and we need a more fundamental theory than 
SM. This is beyond the scope of our current experiments. On the other hand, the recent 
measurement of the muon anomalous magnetic moment by the experiment E821 [1] disagrees 
with the SM expectations at more than 1.6a - 3cx [2,3] level. Moreover, there are convincing 
evidences that neutrinos are massive and oscillate in flavor [4]. It seems to indicate the 
presence of new physics. The discovery of neutrino oscillation has been one of the most 
exciting experimental results in the recent years [5] . As the experimental data accumulating 
in the Supcr-Kamiokande collaboration [6,7], more results published by SNO [8], K2K [9] and 
CHOOZ [10] experiments. These experiments give possible signals of new physics beyond 
SM. 

In this paper, we consider the sequential fourth generation model to estimate the possible 
contributions to the decay Bg^d 77 from the exchange of the fourth up-type quark t'. Prom 
the point of phenomenology, there is a realistic question one may ask: What is the number 
of the fermion generations or weather there are additional quarks or leptons other than 
the known three generations. The present experiments can tell us there are only three 
generation of fermions with light neutrinos whose mass is smaller than Mz/2 [11], but the 
experiments don't exclude the existence of other kind of additional generation, such as the 
fourth generation, with a heavy neutrino, i.e. m^^ > Mz/2 [12]. Latest studies in the 
electroweak sector allow the existence of a fourth generation with heavy Dirac neutrino [13]. 
Many authors studied models which extend the fermions part, such as vector-like quark 
models [14], sterile neutrino models [15] and the sequential four generation standard model 
(SM4) [16]. Here we consider the sequential fourth generation, non -supersymmetric model, 
which includes an up- like quark f, a down-like quark b'. a Icpton r' . and a heavy neutrino 
u' besides the known three generation of fermions in the SM. The properties of these new 
fermions arc the same as their corresponding counterparts of other three generations except 
their masses and CKM matrix elements. 

Many attempts have been made recently about the fourth generation [17-19] and the 
experimental searches of the fourth generation particles [20,21]. In our previous papers 
[22-24], we investigated the rare B meson decays with the fourth generation [22], e /e in 
K'^ systems and AMb^ ^ in SM4 [23]. We got some interesting results, such as the new 
effects of the 4th generation particle on the meson decays and CP violation. We also got 
the constraints of the fourth generation CKM matrix factors [22,23]. Recently, these decays 
in fourth generation were considered again. In ref. [17], the phases of the fourth generation 
CKM matrix factors, V^^^ have been included. The exclusive B decays with the fourth 
generation were investigated in Ref. [18]. These rare decays are very interesting to study 
the new physics effects of the fourth generation. In this paper, we would like to investigate 
the rare decay Bg^d ~^ 11 with the fourth generation. 
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As a loop-induced flavor changing neutral current (FCNC) process the inclusive decay 
(at quark level) b — S77 is in particular sensitive to contributions from those new physics 
beyond the SM. There is a vast interest in this decay. On the experimental side, only upper 
limits (90%C.L.) on the branching ratios of ^ 77 decay are currently available 

BR(5, ^ 77) < 1.48 X 10~^ [25], (1) 
BR(Sd ^ 77) < 1.7 X 10-^ [26], (2) 

which are roughly two orders above the SM predictions [27-29], 

5 X 10"^ < BR(5, ^ 77) < 15 X 10"^ (3) 
1 X 10"^ < BR{Bd -f-i) < 4.0 X 10"^ (4) 

Within the SM, the electroweak contributions to 6 — > 577 and S — > 77 decays have been 
calculated some time ago [27], the leading-order QCD corrections and the long-distance con- 
tributions were evaluated recently by several groups [28,30]. The new physics corrections 
were also considered, for example, in the two-Higgs doublet model [31,32] and the super- 
symmetric model [33]. There is also study concerning other exclusive channels [34]. In a 
previous paper [35] , we calculated the Technicolor corrections to the rare decays Bs,d — 77 
in the QCD factorization approach. The great progress in theoretical studies recently en- 
courage us to do more investigations about this decay in the sequential fourth generation 
model. 

This paper is organized as the following: In Section 2, we present the formulae for the 
decays Bs,d — ^ 77 in SM and the fourth generation model. We also obtain the constraints 
of the fourth generation CKM matrix factors, V^dVt'b and V^gVt'b from experiments in this 
section. In Section 3, we give the numerical analysis of the branching ratios in the fourth 
generation model. The conclusions are in the last section. 



II. BsD^ll IN THE FOURTH GENERATION MODEL 



Same as in our last paper [35], up to the corrections of order 1/m^, the effective Hamil- 
tonian for h — > 577 at scales = 0{mb) is just the one for b ^ and takes the form 



Gf. 
V2' 



Ci{Hh)Qi + C7j{lIb)Q7j + C8G{fJ'b)Q8G 



1=1 



(5) 



where in view of \V*gVub/V^lVtb\ < 0.02, we have neglected the term proportional to V*gVub- 
Here Qi ■ ■ - Qe are the usual four-fermion operators whose explicit form is given below. The 
last two operators in the Eq.(5), characteristic for this decay, are the magnetic-penguin 
operators. The complete hst of operators is given as follows 



01 = {cL0l^bLa){sLalixCLp) , 

02 = (cLal^bLa)(sLl3l,iCLl3) , 



(6) 
(7) 
(8) 



q=u,d,s,c,b 
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Oi = {sLal^bifs) iQLpll^QLa) , (9) 

q=u,d,s,c,b 

O5 = (sLaYbLa) J2 i^R^l^flRp) ' (10) 

q=u,d,s,c,b 

Oq = {sLaYbLli) Yl {QrpIi^QRc.) > (11) 
q=u,d,s,c,b 

Or = {e/lQ7i^)rrn,SLa'"'bRF^, , (12) 
Os = {g/167r^)mbSLa''''T%RGl, . (13) 

It is the magnetic 7-penguin operator O7, which plays the crucial role in this decay. The 
effective Hamiltonian for b — > 0^77 is obtained from Eqs.(5-13) by the replacement s d. 

In the case of the fourth generation there is an additional contribution to 6 ^ (s, d)'~f'y 
from the virtual exchange of the fourth generation up quark t . In Fig.l, we draw the relevant 
Feynman diagrams which contribute to the decays b — > {s, d)'y'y. The Wilson coefficients of 
the dipole operators are given by 

^tq vtb 

where C\^^^ {^b) represent the contributions of f! to the Wilson coefficients. We recall here 
that the CKM coefficient corresponding to the t quark contribution, i.e., V^gVtb-, is factorized 
in the effective Hamiltonian as given in Eq. (5). The formulae for calculating the Wilson 
coefficients Cf]i,{mw) are the same as in the SM except exchanging t' quark for t quark. 
In SM4, the quark mixing matrix can be written as, 



V 



( Vud Vus Vub Vub' \ 

Vcd Vcs Vcb Vcb' 

Vtd Vts Vtb Vtf 

\ Vt'd Vt>s Vt'b Vvb' ) 



(15) 



where Vqb' and Vt'q are the elements of the 4x4 CKM mixing matrix of the SM4, which 
now contains nine parameters, i.e., six angles and three phases. The rest elements without 
prime in the matrix are the usual three generation CKM matrix elements. 

The current experimental bounds of Vf*\Vt'b and V^f^Vfb can be found in ref. [24]. The 
factor VftgVfb can be constrained by the decay B — > Xg'y [22,24] 

-11.6 X 10-2 < V;^vil> < -6.1 X 10-^ (16) 



or 



1.9 X 10"^ < V^r^V^'^J < 3.6 X 10-\ (17) 
Considering the unitarity conditions of the CKM matrix, 

YV*Vb^O, {i^u,c,t,t'), (18) 

i 

and taking the average values of the SM 3x3 CKM matrix elements from Ref. [36], we 
obtain. 
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\V^syt'h\ < 7.6 X 10-2. (19) 

Combining tiie above constraint, we arrive at 

-7.6 X 10-2 < < -6.0 X 10-2, (20) 

1.9 X 10-^ < < 3.6 X 10-^ (21) 

In the following numerical calculation, we take the values V^gVli]^ = —7.0 x 10-^ and 
V^rX'b' = 2-5 X 10-3, for illustration. 

For the CKM factor V^^t'b, we can get its constraint from the present experimental 
value of AMb^ [24] . Also considering the unitarity conditions of the CKM matrix, 

Y.V:,V,, = 0, ii = u,c,t,t'), (22) 

i 

we finally get 

-1.0 X 10-^ < V;aVt'b < 0.5 X 10-^ (23) 

In the next section, we will take the values Vf^^Vt'b = -1.0 x 10-^, -0.5 x 10-^, -0.1 x 10-^, 
0.1 X 10-^ and 0.5 x 10-^ in numerical calculation respectively. 

III. THE Bs,D 77 DECAY RATES AND PHENOMENOLOGY 

We first calculate the decay Bg 77 (the formulas in the case of '-ff can be 

obtained just by the replacement of s — > d). For this exclusive decay of Bg meson, we need to 
deal with both of the long distance and short distance QCD corrections in the Bg meson side. 
Applying the factorization assumption, we shall adapt a phenomenological approach where 
the long distance effects are replaced by a few non-perturbative parameters. In other words 
we simply evaluate the hadronic matrix element of Mj + Mji from one particle irreducible 
(IPI) and one particle reducible (IPR) Feynman diagrams, relying on a phenomenological 
model. Before doing so, it is important to note that Mr is apparently non-local due to 
internal 6 or s quark propagator. To handle these non-local terms, one observes that the b 
quark inside the Bg meson carries most of the meson energy, and its four velocity can be 
treated as equal to that of Bg. Hence one may write b quark momentum as p = rrihV where 
V is the common four velocity of b and Bg. With this parametrization, we have 

p-ki^ rribV ■ ki = \mbmB, ^ p ■ k2, 
p' -h^ (p-h- h) • h = -lmB,{mB, - m^) = p' ■ k2, (24) 

where the second equation is based on a constituent picture [27] that b and s quarks share the 
total energy oi Bg^. Therefore —p' should be taken as the four momentum of the constituent 



Note that the momentum of s quark is —p' as p' denotes the momentum of s quark in 6 — ^ 577. 
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s quark. With Eq.(24), Mr is readily made local. We then compute the amplitude for 
~^ 77 using the following relations 

(0|s7^75fc|5.(P)> = -ifB.P,: 

{0\s-f,b\B,{P)) = ifB^MB, (25) 

where fs^ is the Bg meson decay constant which is about 200 MeV according to recent 
Lattice QCD calculations [37]. 

The total amphtude is now separated into a CP-even and a CP-odd part 

T{Bs ^ 77) - M+F^.F^'' + iM- F^.F^'^ (26) 

We find that 

(27) 

with B = -(SCe + Cr,)/A, A = 1 - rrib/mB,, and 



M- 



97r 



^-iByLVt, (e A,J{m\) + ^BLijnl) + ^) , (28) 



where 



A = (C3-C5)iVc+(C4-C6), 

Ad = \[{C,-C,)N,+ iC,-Ce)], 

A,= {Ci + Cs-C,)N,+ {C2 + C4-Ce), 

A,^A,^^ [{Cs + C4 - C5)7Vc + (C3 + C4 - Ce)] . (29) 
The functions J{m^), K{w?) and L{w?) are defined by 

»^(^') = + -^oo(m'), 
i^(m^) = -2 + ^/oo(m^), 

L(m2)=7oo(m2), (30) 

where ^ = m\Jw?, and 

hoi'^^) = — I dx—\Ti{l — zx + zx^) (31) 
JO a; 

2 arctan^ ( ^J'^) ; 2; < 4 

^ - 2 log^( ^+f^ ) + 2i7r log( ^+f^ ) ; z>4 ' 

The decay width for — > 77 is simply 



(32) 
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(33) 



To obtain numerical results, we have set light quark masses to zero and used [36] rrit — 

175 GeV, mb = 5.0 GeV and rric = 1.5 GcV. Furthermore, we take rriB^ = 5.37 GeV, 

= 5.28 GeV and a = 1/129. The numerical values for Wilson coefficients Ci — Cg 

evaluated in SM at ii = nib are listed in Table 1. 

We first consider the decay mode Bg — > OO - Figs-2, 3 and 4 show the branching ratio 

Br(Bs — > 77) versus the mass of t' and the fourth generation CKM matrix factors V^*gVjl^ 
(2) 

and Vf*gVf!b , respectively. From these figures, we find that the SM4 predictions for the 
branching ratio Br{Bs 77) are rather different from that of the standard model. The 
decay rates can be enhanced by about 1-2 orders relative to the SM prediction in the rea- 
sonable range of m^/ and Vf*gVt'b- This implies that the new physics signal of the fourth 
generation Model may come from the decay of Bs — > 77. The future experiment of LHCb 
in CERN can test it. From Fig.2, we find that the branching ratio of Bg 77 increase 
with the mass of t' for the fourth generation CKM matrix factor, V^lgVfb = —7.0 x 10^^ and 
2.5 X 10~^. When VflgVfb = —7.0 x 10~^, the curve increase rapidly with m^/. But when 
V^*gVt'b = 2.5 X 10~^, the branching ratio changes very slowly. Because the fourth generation 
CKM matrix factor, V^JgVt'b: is small in the latter case. It can be seen from Eq. (14) that 
the new physics contribution is proportional to the size of the CKM factor V^*\.Vt'b, thus it is 
very important in the new physics contribution with rrit'. From Figs. 3 and 4, one can also 
see that, the branching ratio of Bg 77 decease with V^*gVjl^ but increase with VftgVjl\ 
since V^JgVjl^ is negative and gives the opposite contributions as SM to the coefficients C^^/ 
(see Eq. (14) ). 

For the decay B^ — > 77, it is easy to find from Figs. 5 and 6 that the new physics 
contribution to the branching ratio is tiny. It is shown that it is not suitable to test the new 
physics signals from the 4th generation in this channel. The prediction of the branching 
ratio in the 4th generation model is between 2.35 x 10~® and 2.45 x 10~^, when we take 
the reasonable values of (from 200 GeV to 1000 GeV) and V^I^Vfb (see Eq. (23)). This 
numerical result is fully in the range of the SM prediction (see Eq. (4)). The reason is that 
the experimental constraint of the 4th generation CKM matrix element factor V^^t'b is very 
stringent (only at 10"'^ level, see Eq.(23)). We also find that the curves change little along 
with the variations of mt' and V^^t'h- The reason is also from the tiny V^^Vt'b- We can see 
that the branching ratios of both Bg — > 77 and Bg — > 77 decays strongly depend on the size 
of the related mixing elements. 

IV. CONCLUSION 

As a summary, the size of new physics contributions to the rare decays of Bg ^ 77 
from the fourth generation strongly depends on the values of the masses of the new heavy 
up quark t' and the 4th generation CKM matrix elements, V^gVtib ondV^^Vt'b- The results 
in the 4th generation model are quite different from the SM case for decay Bg — > 77, its 
branching ratio can be enhanced by about 1-2 orders of magnitude. A large branching ratio 
of Bg — >■ 77 decay measured in experiment may be a new physics signal of the 4th generation 
model. But for decay B^ —>■ ■yy, because of the tiny values of 4th generation CKM matrix 
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clement, V^^Vfh, the new physics contribution to BR(Sd — > 77) is very small and can not 
be distinct from the SM prediction. 
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TABLES 



TABLE L The values of Wilson coefficients Ci — Cs at = nib in SM 



Ci 


C2 


C3 


C4 


C5 


Ce 


C^" (SM) 


C8^^(SM) 


0.235 


-1.100 


-0.011 


0.024 


-0.007 


0.029 


0.306 


0.146 
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FIGURES 




FIG. 1. Magnetic photon and gluon penguin diagrams with the fourth generation t' quark. 
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FIG. 2. Branching ratios of Bg 77 against the mass of t' quark for V' = V^J^Vtn, = — 7.0x 10~^ 
and 2.5 x 10~^ respectively. The lower two horizontal lines represent the SM prediction the branch- 
ing ratio. 
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FIG. 3. Branching ratios of ^ 77 as a function of V = V^r^V^^l^ for ruf = 200 GeV, 400 
GeV, 600 GeV, 800 GeV and 1000 GeV, respectively. The two horizontal lines represent the SM 
prediction the branching ratio. 
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FIG. 4. Branching ratios of ^ 77 as a function of V = V^I^V^i^^ for mf = 200 GeV, 400 
GeV, 600 GeV, 800 GeV and 1000 GeV, respectively. 
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FIG. 5. Branching ratios of Bd ^ 77 as a function of the mass of t' quark for V' = V^^Vfb 
takes several values in the range of -1.0 X 10"^ and 0.5 x lO"'^. 
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FIG. 6. Branching ratios of Bg — > 77 as a function of V' = V^^Vfb for mf 
GeV, 600 GeV, 800 GeV and 1000 GeV, respectively. 
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